, [4] . Other potential benefits such as greater reliability, lc ,'er metal resistance, and integration with high-temperature superconductors have further increased the interest in MODFET operation at cryogenic temperatures [5] . In the work reported here, we have investigated some of these issues in the context of understanding the performance characteristics of 0.8-and 0.2-/_m gate length
InxGal._As/In0.s2Al0.4sAs heterostructure (x --0.53, 0.60, and 0.70) pseudomorphic MODFET's at cryogenic temperatures.
II. NUMERICAL ANALYSIS OF DEVICE PERFORMANCE
We have analyzed the microwave performance of both the 0.8-and 0.2-_m devices in order to understand the characteristics of pseudomorphic InGaAs/InAIAs MOD-FET's. The schematic of a typical structure is shown in Fig. 1 . The source-to-drain spacing is 3.5 and 2.0 pm for the 0. the channel (x direction) was found; finally, the Monte Carlo technique [6] , [7] was used for transient analysis of electron transport in the pseudomorphic InGaAs channel. A typical calculated band profile is shown in Fig. 2 . The electric field profiles for a 0.2-pro device with In composition x = 0.70 are slaown in Fig. 3 (a) and (b). The gate is located jn the middle of the plot, i.e., from 0.9 to 1.1/_m in position.
Self-consistent solutions of Poisson and Schr6dinger equations
show that as the In content in the pseudomorphie channel increases, the sheet charge carrier density n, also increases. This is expected and has been also observed experimentally. It arises mainly due to the increase in the band offset at the heterointerface A Ec with increasing indium in the channel. Note that in order to improve the quality of the active heterojunction, a 400-/_, smoothing layer of lattice-matched InGaAs is incorporated below the channel layer. The electron wave function actually extends into this buffer layer, which can lead to inferior charge control with gate bias. Higher indium composition in the channel layer can lead to better charge confinement so that most of the conduction electrons will have smaller effective mass.
The electric field obtained from the solution of two- pm gate-length devices, a small fraction of the electrons traveling in the high-field region of the channel are scattered into the L valley. They gradually relax back into the r valley as they travel through the gate-drain section. This is shown, as an example, in Fig. 4 for a 0.2-/am gate- vice with x = 0.7 are shown in Fig. 3(a) . As the temperature 'is reduced to 40 K, phonon scattering is greatly reduced and the overshoot increases as seen in Fig. 3(b) .
The average channel velocities for the different samples at 300 and 40 K are listed in Table I 
V. DC CHARACTERISTICS
The 0.8-/zm gate device showed a peak transconductance of 510 mS/mm at 300 K with a channel current of 200 mA/mm while the 0.2-/_m gate device showed a peak transconductance of 705 mS/ram with a channel current of 300 mA/mm. Both devices were biased at a drain voltage of 1.5 V. The devices also showed low gate leakage (110 #A at Vt = -0.5 V for a 0.2 × 45/_m: device) and good pinchoff characteristics although in the submicrometer devices, output conductance increased dramatically. This increase in the output conductance may be attributed to an increase in leakage in the buffer layer, an increase in the background impurities (we observed a significant increase in the background impurities in our system when the wafers used for 0.2-/zm gate devices were grown), and short-channel effects. 77 K dc measurements on the 0.8-/zm gate device showed an increase in peak transconductance to 680 mS/ram, a decrease in output conductance from 40 to 20 mS/mm, and a decrease in gate leakage from 9 to less than 1.0 /_A measured at a drain bias of 1.5 V and a gate bias of 0 V.
VI. MICROWAVE

CHARACTERISTICS
AT ROOM AND
CRYOGENIC TEMPERATURES
Room-temperature microwave characteristics were measured for both 0.g-and 0.2-/_m gate devices and for each In channel composition.
The scattering parameters were measured using an HP8510 automatic network analyzer and a CASCADE wafer probe station from 0.5 to 26.5 GHz at various gate and drain bias voltages. cooled to the desired temperatures to account for any shifts in the reference plane caused by the contraction of the cables, connectors, and the coplanar lines due to the lowering of temperature.
This calibration method was found to be valid up to a frequency of 10-11 GHz. The problems at higher frequencies seem to be due to the fact that accounting for shifts in the reference plane is not sufficient to correct for the differences between room temperature and cryogenic temperatures. For example, the return loss for a through line measured at cryogenic temperatures after using the calibration routine becomes significantly degraded at higher frequencies. data arc summarized in Table IV , which gives the charactedstics of specific devices measured at 300 and 40 K.
The improvement in cutoff frequency with ]owcring of temperature from 300 to 40 K was generally found to be between 15 and 30% for all the devices.
VII. DEVICE ANALYSIS AND DISCUSSION
The measured microwave data were modeled to a standard equivalent circuit model for a MODFET (Fig. 8 ). The fitting of the microwave data had a maximum error of 5-10% over the frequency range of 0.5 to 11.0 GHz primarily due to noise in the measured data. from a fit of the measured microwave data with the equivalent circuit, is different from r in (1).
The extracted output conductance Ga, decreases with lowering of temperature, as shown in Fig. 9 for a 0.8-#m gate device with an In, Gal.,As channel (x = 0.53, 0.60, and 0.70), and this trend is the same as that for the de While important parameters for determining the cryogenic gain of an FET circuit, such as the transconductance at cryogenic temperatures, can sometimes be inferred from roomtemperature data, this is not uniformly true. The same holds for cryogenic temperature values of minimum noise temperature. The spread in values is smaller for lETs from the same lot than for FETs from different lots. This means that before any amplifier design with stringent specifications can be carlied out, extensive testing of the devices to be used will have to be performed. For devices such as distributed amplifiers. an additional problem is one of maintaining the integrity of bonds, traces, and/or solder joints. This is especially true if the device is repeatedly cycled over temperature.
II. EXPERIMENTAL DESIGN
For our experiment we used an AVANTEK low-noise amplifier (LNA). the PGM 11421. The amplifier is specified with a frequency ,,'_',,mse from 4 to 11 GHz. a minimum _,ain of 8.0 dl3, a typical noise figure of 2.5 dB, and a minimum power output for 1-dB gain compression of + 5 dBm. The dc bias for the package was 8 V at 60 mA (max.) The amplifier was mounted in a brass test fixture between 50-1-1 input/output microstrip lines which were fabricated on a 10-rail Duroid (_, = 2.3) substrate, designed to be i-A s long at 8 GHz. This length as chosen so as to minimize the interaction between the launcher pins and the amplifier.
The coax to microstrip connection was accomplished by using SMA female flange connectors.
A small amount of silver paint was used to improve the contact between the center conductor of the launcher and the rnicrostrip line, and 0.010-in. diameter gold bond wire was used to connect the microstrip line to the amplifier package.
To measure the performance of amplifiers at low temperatures, a cryogenic system was used. It consists of e test chamber which can be evacuated by a vacuum pump, a cold finger on which the sample is mounted, an electrical feedline which supplies dc bias to the amplifier, and two electrical temperature sensors. With no thermal load, the cold finger is capable of achieving a temperature of 10 K. The sensors were connected to a temperature controller which could maintain a desired temperature by controlling a heater element wrapped around the cold finger via a feedback system. Two "semirigid copper coaxial cables which extend beyond the cryocooler are used as input and output lines for the RF signals.
Each semirigid cable is 12 in. long to minimize the thermal load on the circuit in the cryostat as well as the thermal gradient between the inside and outside environments. A piece of indium foil was put between the cold finger and the test fixture. to help increase the thermal conductivity.
One of the temperature sensors was mounted on the cold finger; the other one was alternately mounted on the top surface of the test fixture, or on the side of the fixture as close " as possible to the amplifier. There is a temperature difference between the two locations of the sensor on the test fixture of " nearly 4 K. This temperature difference would vary with dif-• ferent types of amplifiers that had different dc bias levels. This is due to the fact that the amplifier is dissipating heat into the test fixture. While the sensor near the amplifier may indicate a temperature of 77 K, clearly the amplifier package is at a higher internal temperature. This is not considered a problem since the purpose of the experiment is to see whether or not commercially packaged devices could function in the cryogenic environment which is required to exploit the advantages of high-temperature superconducting passive (HTS) devices that must operate at cryogenic temperatures.
Whatever advantages may be obtained by cooling the package amplifier to its actual internal temperature is an added bonus to the primary advantage of using these packaged devices in the same cryogenic environment along with HTS passive devices. The $ parameters were measured on a HP 8510B automatic network analyzer.
A full two-port calibration was performed at the ends of the semirigid coax inside the cryostat so as to establish the reference planes a.t the terminals of the amplifier test fixture. The calibration performed at 300 K was used to make the measurements at 77 K, since no practical method exists at the present to perform this calibration at 77 K inside the cryostat.
A two-port calibration was chosen over a TRL calibration since the amplifier test fixture was one piece, so that separate TRL fixtures would be required to perform the calibration.
Using separate test fixtures would introduce errors due to physical differences in the test fixtures used to perform the TRr.
As is the case for two port calibration, no exists at present to perform a TRL calibration at low temperature that does not involve repeated temperature cycling. Since the purpose of this experiment was to determine whether or not commerical amplifier packages can operate reliably at cryogenic temperatures, it was determined that a two-port calibration would suffice for this experiment.
Future work will focus on optimum measurements and characterization of these devices, at which time a text fixture suitable for accurate TRL calibration will be used.
III. RESULTS
Figure 1 displays the measured
Szl values for the PGM 11421
GaAs FET amplifier at room temperature and 77 K. The useful frequency range of this amplifier is specified as 4-11 GHz. These figures show that the gain increased about 2 dB with decreasing temperature from 300 to 77 K. As expected, the bandwidth increased at low temperature since the transconductance increases and output capacitance decreases with decreasing temperature, and these parameters determine the high-frequency cutoff for an FET [7] . Noise-figure measurements were made on a HP 8970A noise figure meter. Figure 2 shows the values for the noise figure at 300 and at 77 K. These results show that the noise figure was about 2.5 dB at room temperature, and dropped to about 1 dB at 77 K.
To obtain accurate noise figure measurements, the LNA was replaced by a 50-fI thru line supplied by Avantek, and the insertion loss for the test fixture, along with the two semirigid cables of the cryostat were measured on the ANA at 300 and at 77 K. This loss was measured to be nearly 2 dB at 300 K, and 1 dB at 77 K, over the frequency range of 4.0-11.0 GHz. One half of this loss, representing the loss of the test setup up to the input to the LNA, was subtracted away The total insertion loss of the test fixture alone can be used to determine the actual gain of the LNA as well. Table i shows the result obtained for the input 1-dB compression point at 300 and at 77 K. As may be seen from this table, the change in compression point with temperature is negligible.
In order to perform this measurement, the loss in thecablesused was measured inthe HP 8510B at300 and at 77 K. This informationwas used to accuratelydetermine the input 1:.riB compression point (P+.__)forthe amplifier.
To obtain thesemeasurements, the LNA was cycleddown to 77 K fivetimes.Itwas used inother experiments as well. and has been cycleddown to 35 K 30 times todate,and there has been no lossof performance noticedso far.The only lowtemperature failures noticedin thisexperiment involvedbroken bond wires between the amplifierand the input/output microstriplines. For reliable performance, itwas found that the amplifierbonding pads should be located at the same height as the microstriplines, and thatthereshould be some slack introduced into the bond wire to allow for vibration from the compressor pump in the cold head assembly and thermalcontraction inthe Duroid substrate. The Duroid substrafehad to be firmlybonded to the test fixture near the amplifier to ensure against warping in the substrate as the fixture is cycled over temperature.
IV. CONCLUSION
This article has presented gain and noise figure performance of the commercial packaged GaAs amplifier at different temperatures.
As expected, a lower noise figure and a higher gain were induced by decreasing the temperature.
No significant change in the input l-dB compression point was observed. [1] . Thedlscontlnulty is enclosed in a waveguide of infinite extent whose dimensions are such that the guide is cut-off for the propagating frequency on the microstrip.
All sources on the microstrip are represented, and the technique does not require a model for the source exitation.
Dynamic Source ReversalTechnique
The anisotropic axis of the substrate is aligned perpendicular to the air-dielectric interface as shown in The potentials appearing in Eqs. (2) to (5) are obtained from the appropriate Green's functions and the corresponding sources using
X e 11s
From these potentials the electric field components are found using z x = -j,_X_ -0¢/0x Ey = -j,,% -0_/0y Js(x',h,z') = J0 z(x')( e-J_t' -Re+JEt') + Jt ,(x',z')
pCx',h,z') = p0(x')Ce-J_" + Re+jz'') + Pl(X',z') (10) Equations (9) and (10) may be written as
9(x',h,z') = [(1 + R)P0(x')(Binsin(_z' ) + cos(_z')) Only one matrix inversion is required to find Bin.
-Results
The pulse width, A, of the expansion functions was chosen to be 0.32 mm at f = 2.0 GHz (or A -0.0053A for sapphire). This pulse width guaranteed a converged value for
Bin {7] for all of the examples presented.
To verify the accuracy of the theory as well as the resulting program, the program was checked for the isotropie case, and was able to duplicate data obtained in [1] and [7] . Table I The BASIC computer program developed to implement this technique can be executed on a personal computer with as little as 640K of RAM. Other discontinuity structures can be characterized in a similar manner. The technique is eomputationally efficient, thereisno need to model the sourceexcitation,and the admittance can be solved fordirectly in the case of a one port" network. Allintegrals involvingthe expansion and testingfunctionsare performed analytically so no numerical integrations are necessary,and the dominant portionsof slowly convergingseries can be extractedand summed into closed form.
This techniquecan be extended to rapidlyand accuratelycharacterize a number of other commonly used discontinuity structures, especially _coaxlal _ two port structures such as asymmetrical gaps and steps inwidth. To characterize a two port structurein terms of an equivalent"Tee" or mPi_ network, the Tangent Plane method [9] can be used to extract parameter values. 
